Generally, > 40% of the useful energy (cooling engine and exhaust gases) are wasted by a biogas power plant through the cooling radiator and the exhaust gases. An efficient way to convert this waste heat into work and eventually electricity is the use of an organic Rankine cycle (ORC) power system. Over the last few years, different architectures have been widely investigated (subcritical, wet expansion and trans-critical). Despite the promising performances, realistic economic and technical constraints, also related to the application, are required for a meaningful comparison between ORC technologies and architectures. Starting from the limited literature available, the aim of the present paper is to provide a methodology to compare sub-critical, transcritical and wet expansion cycles and different types of expanders (both volumetric and turbomachinery) from both technical and economic point of view, which represent one of the main novel aspects of the present work. In particular, the paper focuses on the thermo-economic optimization of an ORC waste heat recovery unit for a 500 kWe biogas power plant located in a detailed regional market, which was not investigated yet. By means of a genetic algorithm, the adopted methodology optimizes a given economic criteria (Pay-Back Period, Net Present Value, Profitability Index and Internal Rate of Return) while respecting technical constraints (expander limitations) and thermodynamic constraints (positive pinch points in heat exchangers, etc.).
Introduction
Nowadays, the increase of energy consumption has led to concerns due to the strong environmental impact in terms of global warming and pollution. The EU emanated several directives aimed to reduce the environmental impact of our society by fostering the development of advanced and effective energy efficiency policies [1] .
In this context, recovering and reusing the low-grade heat wasted by industrial processes represents an effective way to increase the overall performance of a process and, consequently to reduce the primary energy consumption and the carbon footprint. Generally, the so-called Waste Heat Recovery (WHR) can be applied to any process where a heat source with a temperature higher than 80-100°C occurs [2] .
Among others, the Organic Rankine Cycle (ORC) technology is a promising technique to produce electricity by exploiting this low-grade heat. Like a conventional steam power plant, an ORC cycle is a Rankine cycle in which an organic substance (usually synthetic refrigerants or hydrocarbons) is adopted as working fluid. A strong interest on this technology has been raised over the last few years due to the wide range of possible applications. As for instance, Campana et al. [3] estimated an installation potential of 2705 MW e in Europe, which would lead to about 21.6 TWh e of electricity production with a corresponding reduction of greenhouse gas emissions (GHG) of about 8.1 million. Consequently, a lot of efforts have been put by researchers and engineers to investigate deeply the performance and benefits of this technology [4] [5] [6] [7] [8] .
Generally, the investment cost of an ORC system is in the 1200-9500 USD/kWe range, but, as highlighted by [9] [10] , the specific application, the type of heat sources available and the ORC architecture strongly influence the actual values. Moreover, the specific market context and the investment policy adopted assume a relevant role when a potential investment is assessed [11] . Notwithstanding, a lack of information is still present from an economic point of view taking into characteristics of the market in which the system is located in, and it represents a paramount aspect for the diffusion of this technology.
One of the most promising applications for ORC systems is represented by biogas power plants [12] [13] [14] [15] . Generally, biogas is produced locally by the anaerobic digestion (AD) of organic substrates coming from organic waste streams, e.g. biological feedstocks from agricultural sectors [13] , and it can be used as renewable fuel for transports (after a cleaning treatment) or to produce electricity by means of CHP engines (biogas power plants, or AD-CHP) [14] . As for other biofuels, biogas is an important priority of the European energy policy since it is a cheap and CO 2 -neutral source of renewable energy, which offers the possibility of treating and recycling a wide range of agricultural residues and products. Therefore, an impressive development of AD-CHP plants occurred over the last few years and > 17,000 plants were operational in Europe in 2014 with a total installed capacity of 8.293 GW el [15] . Generally, only 40% of the biogas energy content is transformed into electricity [16] , while about 25% is used for the internal parasitic load and for heating the digester to keep the biological temperature required to allow the chemical processes. The remaining part is generally released into the atmosphere in form of heat by the exhaust gas (high temperature, > 350°C) and by the radiators (low temperature, < 120°C). An organic Rankine cycle system might be used to exploit part of this heat to produce further electricity, increasing the overall performance of the AD-CHP system.
Despite the amount of work done to analyse the ORC systems, including the direct use of biogas as thermal source of the ORC system [13, 16, [17] [18] [19] [20] , the WHR application for biogas plant has not been fully investigated yet. As for instance, Yangli et al. [14] performed a technical investigation of subcritical and supercritical ORC systems which exploit the heat rejected from a biogas CHP engine, obtaining ORC thermal efficiencies of 15.51% and 15.93% for subcritical and supercritical cycles respectively. The authors concluded their work highlighting that a thermo-economic analysis should be carried out to detect the configuration which guarantees the best repayment period. At this regard, Sung et al. [15] performed a thermo-economic analysis of a biogas micro-turbine system coupled with a subcritical ORC cycle with a turbine as expander. The analysis, limited to one working fluid (nPentane), is mainly focused on partial load operating conditions of the biogas micro-turbine. Notwithstanding, the authors demonstrated that the introduction of a bottoming ORC provides a net gain from an economic point of view, despite the analysis was limited to only one economic parameter (Net Present Value, see Section 3.3).
Therefore, a lack of thermo-economic analyses on WHR-ORC for biogas power plant applications is still present. In this context, the aim of the present paper is to extend the analysis to a wider range of potential ORC configurations (namely subcritical, trans-critical and wet expansion cycles [ 2. Waste heat recovery for biogas power plant through an ORC power system 2.1. Organic Rankine cycle power system technology ORC power systems have been used to generate electricity from waste heat for several decades [23] . Apart from the standard sub-critical ORC architecture, other configurations have been investigated, such as wet expansion [21, [24] [25] and trans-critical cycles [26] (Fig. 1) . Superheating, quality and specific approach are three parameters that are useful to define the thermodynamic state of the fluid at the inlet. Table 1 summaries the advantages and disadvantages for each architecture of ORC power system.
Generally, wet expansion and trans-critical cycles present higher energy and exergy efficiencies than the standard sub-critical ORC, due to the better matching of the temperature profiles in the evaporator, as demonstrated in [7] . However, wet expansion cycles has high mass flows for a given installed power (greater piping dimension) and it requires an expander able to handle two-phase flows, leading to limitations in the expander choice and affecting the overall performance. On the other hand, the trans-critical cycle requires higher pressures than the wet expansion and sub-critical cycles. Although more efficient, it leads to higher costs for the evaporator and the expander.
In order to understand the economic suitability of a system for a specific application, it is necessary to perform a full thermo-economic analysis [14] . Thermo-economic or techno-economic optimization approaches comparing different ORC architectures are rather scarce in the scientific literature [26] [27] [28] . Lecompte et al. [29] performed a thermoeconomic optimization between the three architectures, while accounting for practical constraints related to the expansion device. This paper shows the interest of the wet expansion cycle but no evaluation of performance of both a turbine and a volumetric expander is carried out. Furthermore, the evaporator super-heating for the subcritical ORC and the trans-critical pressure are not optimized and are assumed constant. One of the main novelty of this paper is that these two parameters are free to vary and are optimized to achieve the best system performance according with the objective function chosen.
In summary, the challenge is to devise an ORC design strategy flexible enough to compare different cycle architectures and expander technologies (volumetric and turbines) based on thermo-economic criteria. This paper fills up this gap and applies this methodology to an ORC system coupled with a biogas power plant.
Anaerobic digester applications
Over the last few decades, a strong development of AD biogas power plant occurred in Europe: about 17,240 biogas plants have been installed [19] with a total installed capacity of 8.3 GW el . Generally, an AD-CHP system uses the biogas produced by the AD system (typically several tanks where the biological reactions occur) as a fuel for a biogas engine to produce electricity and thermal energy. A lot of configurations has been developed and built; since the focus of this paper is on ORC applications, the complete technical description of AD-CHP systems is demanded to [18] [19] [20] .
On the other hand, AD-CHP sector represents a promising application for ORC system since about 29% of the thermal heat available (high/medium grade) is currently wasted. This heat might be recovered and reused by an ORC system for electricity production, increasing the overall performance of the system. ORC systems coupled with AD-CHP may have a potential output between 5000 and 7000 GWhe/year only in Europe.
Local market context
The local biogas power plant market in Northern Ireland (NI) has been used in this paper to assess the economic suitability of ORC systems for AD-CHP plants. Generally, Ireland is characterised by a great potential in terms of biogas production, mainly thanks to the high contribution of agriculture (e.g. about 10,000 km 2 of land in NI are devoted to agricultural activities). Only in Northern Ireland, the exploitation of the organic resources available (estimated to be between 207 and 500 thousands of tons, including municipal, commercial and industrial wastes) might bring to a potential coverage between 5% and 23% of the total electric energy demand [30, 31] . Thanks to this positive background (and to the incentives put in place to support the AD industry), the number of AD plants has grown exponentially over the last few years, as shown in Fig. 2 . Table 2 reports the current (April 2016) and potential AD installations in Northern Ireland. In order to investigate the economic suitability of the ORC technology in the AD-CHP sector, a medium size typical AD plant in Northern Ireland was used as Ref. [31] [32] [33] . The plant has a nominal installed power of 500 kWe with a conversion efficiency of 42% (Eq. (1)) and a feedstock consumption of 16,000 tons/year (see Section 3.5).
The income from the electricity produced by the AD consists of two components: (i) the selling electricity price, which is generally a fixed feed-in tariff typically guaranteed for 20 years and, (ii) the Northern Ireland renewable energy subsidies, which generally depend on the size of the plant [34] . In the present work, the feed-in tariff is assumed equal to €27.1/MWh: €5.42/MWh for the basic feed-in tariff, €10.73/MWh from the Renewable Obligation Certificates and 10.39€/MWh which is added to the feed-in tariff to promote AD power plants. Finally, trends of electricity prices and inflation rates have been considered in accordance with [35].
Methodology

Thermodynamic model
A steady-state model of a non-regenerative ORC (Fig. 3 ) has been developed in Matlab®. The thermo-physical properties of the fluids are retrieved from CoolProp [36] and the model is used to determine the optimal cycle (subcritical, wet expansion and trans-critical) over a wide range of conditions.
The approach and the main assumptions are described in the following sections.
Working fluid
The working fluids considered in this paper are R134a, R245fa, Butane, n-Pentane, Ethanol, R1233zd(E) and R1234yf, which are standard fluids for ORC power systems [37, 38] . Fig. 4 presents their respective T-s diagrams. For each fluid, the maximum degradation temperature (thermal stability) is imposed as a constraint to limit the temperature at the exhaust of the evaporator.
The comparison between different refrigerants, which represents an added value of the present study, is paramount for a correct system 
O. Dumont et al. Energy Conversion and Management 157 (2018) 294-306
design and optimization and, therefore, future work will be aimed to extend the range of fluids analysed. Moreover, it is important to state that other criteria, such as safety (flammability, toxicity, availability, etc.), are not directly considered in this thermo-economic study for the sake of simplicity, but they should be taken into account at the final stage.
Expanders
One of the main novelty of this paper compared to the literature (e.g. [4] ) is that two different expander technologies are investigated: the turbine and the screw expander. Among the volumetric expanders, only the screw expander case is investigated because of the lack of available data on the cost of other technologies [39] .
The isentropic efficiency of the expander, defined according to Eq. (2), is supposed to be constant and equal to 75% for both turbine and screw expanders. This hypothesis is assumed valid since it is in line with what reported in the literature [4, 7, 40, 41] .
Some practical constraints have been implemented to make sure the expander works with this efficiency:
• Turbine: the size parameter (SP, Eq. (3)) -a paramount value predicting the efficiency penalties related to flow compressibility and/ or small blade dimensions -must be between 0.2 m and 1 m, while the volume ratio (VR, Eq. (4)) must be lower than 50 [42] . Since a turbine presents difficulties to handle wet expansion, the ORC model imposes a minimum superheating of 1 K during the whole expansion.
• Volumetric expanders (i.e. screw): the Volume Coefficient (VC, Eq.
(5)) defines the ratio of the outlet volumetric flow divided with the output power. It is constrained between 0.25 and 0.6 m 3 /MJ [7] .
Moreover, the volume ratio (Eq. (4)) is limited to 5 for one screw expander [43] . When the volume ratio is higher than 5, the ORC model allows the connection of multiple screw expanders in series to limit the volume ratio of each machine to a maximum of 5.
Pump
The efficiency of the pump is calculated as shown in Eq. (6) . In order to avoid cavitation, a sub-cooling of 5 K is set [44] .
Heat exchangers
The heat exchangers are modelled considering the global thermal conductance of a given zone of a heat exchanger (AU), calculated by combining the thermal resistances of the secondary fluid (sf), the working fluid (wf) and the inner wall (Eq. (7)).
sf sf wf wf wall 1
Considering that the aim of the present work is to investigate the system performance in a preliminary stage of the design, when detailed information (e.g. geometrical constraints) are not available, several simplifications and assumptions are required. Firstly, the wall thermal resistance is assumed to be negligible, due to the high conductivity of the common materials used in ORC heat exchangers [44] . Therefore, only the working fluid and secondary fluid convective heat transfer coefficients h are computed by means of correlation based on the Nusselt number.
Regarding the single-phase turbulent flow, the Gnielinsky equation [45] can be used to calculate Nu, as shown in Eq. (9): 
where Re and Pr are the Reynolds and Prandtl numbers respectively, while f is the friction factor, which can be calculated using the Petukov equation [46] . Boiling and condensation may occur on the refrigerant side depending on the type of ORC cycle analysed. Eqs. (10) and (11) show the Nusselt correlations for two phases processes, i.e. evaporation (Eq. (10)) and condensation (Eq. (11)) [47] [48] : 
where β is the chevron angle, Re the Reynolds number, Pr the Prandtl number, D h is the hydraulic diameter, Bo is the boiling number, P is the pitch, μ is the dynamic viscosity, k is the thermal conductivity, Cp is the specific heat. The heat transfer in supercritical conditions is affected by several phenomena, in particular when the pseudo-critical temperature (i.e. the temperature where the maximum of the specific heat occurs) is crossed [49] . The strong variation of the properties in this region may lead to several effects related to the fluid acceleration, high specific heat layer, buoyancy (for vertical channels), etc., which can deteriorate or enhance locally/globally the heat transfer [49] . In order to reproduce these phenomena, several authors introduced correction factors in the Nusselt correlation [50] [51] [52] .
Despite the wide utilisation of the above equations, most of them are only partially validated (range of flow, geometry, etc.) with only one working fluid and only valid for a given type of heat exchanger [4] . 
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Moreover, they require the knowledge of the fluid conditions at the wall of the pipe, which means that information coming from detailed analyses (i.e. CFD) are required. Furthermore, an accurate modelling requires the detailed geometry of the heat exchanger, generally not known during the preliminary stage of the design at which this paper is aimed at. No other accurate general correlations exist for predicting the heat exchange coefficient of refrigerant in different states (liquid, vapor, evaporation, condensation, trans-critical), as shown in [53] . Considering that the heat transfer coefficient on the working fluid side is much higher than the heat transfer coefficient on the secondary fluid side in most of the applications [54] , the working fluid contribution is neglected in Eq. (7). It is important to state that this assumption can be considered valid only during a preliminary stage of the system design, when the analyses are focused on determining which size of the system must be targeted, depending on the specific objective function chosen. During the subsequent design stage, when the optimisation procedure must get into each component to define their specifications, a detailed analysis is required.
In accordance with the above considerations, typical values [48] of the global heat transfer coefficient in the range of 3000-10,000 W/ (m 2 K) and 500-2500 W/(m 2 K) have been obtained for the condenser and the evaporator respectively. The surface area required by each zone (i) of the heat exchangers is then computed by using the LMTD method for each zone (liquid, two-phase or vapor) (Eq. (12)).
The Logarithmic Mean Temperature Difference ( T Δ LMTD ) is evaluated as shown in Eq. (13), where ΔT 1 and ΔT 2 are the temperature differences between the two streams at each side of the heat exchanger.
The difference between the inlet and outlet temperature of the secondary fluid in the condenser (glide) is set to 10 K, while the cold sink supply temperature is equal to 20°C. The secondary fluid in the condenser is water, cooled by air using a cooling tower (Section 3.5).
Cycle
The layout of the ORC system is depicted in Fig. 3 , while Fig. 5 presents the solver architecture of the ORC model.
The net power generation of the ORC is calculated using Eq. (14), where the pump and auxiliary consumptions are considered.
Then, the energy efficiency is defined by Eq. (15).
The model assumptions and the parameter ranges used in the present work are listed in Table 3 . In particular:
-Each process is considered in steady-state regime. Potential and kinetic energies of the flowing fluid are considered negligible. -Pressure drops and heat losses through pipe lines are neglected.
-The maximum pressure is limited to 3 times the critical pressure of the selected fluid (for the robustness of the algorithm) while the maximum condensation temperature is limited to 100°C which is the case of the majority of ORC power systems [38] . Fig. 5 . Inputs, outputs, parameters and solver architecture of the cycle model. The parameter x represents: (i) the over-heating for sub-critical cycles, (ii) the quality for wet expansion cycles and (iii) approach (Fig. 1) for trans-critical cycles.
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-The state of the fluid at the inlet of the expander is defined in different ways depending on the cycle architecture: o Sub-critical cycle: superheating is free to vary between 0 K and 200 K. o trans-critical cycle: the difference between the expander suction temperature and the hot source supply temperature (approach) is varied between 0 and 200 K. o wet expansion cycle: the quality of the fluid at the exhaust of the evaporator is free to vary between 0 and 1. -The minimum condensation pressure is set to 1 bar to avoid the infiltration of air into the system. The primary energy savings are computed assuming that the whole electricity produced by the ORC power system does not need to be produced by another power plant or imported from the grid. The primary energy factor, ratio between the electrical energy and the required primary energy to produce it (Eq. (16)), is assumed equal to 2 [55] .
The constraints of positive pinch-point and dry expansion of the turbine have to be strictly satisfied. However, to guarantee a convergence of the optimiser, the size parameter (SP), the maximum volume ratio (VR) and the volume coefficient (VC) can be varied outside the range from Table 3 . When one of the variables SP, VC or VR (called z in Eq. (17)) gets a value outside the acceptable range (z lim ), the cost of the expander is multiplied by a factor F (Eq. (17)). Then, it is verified a posteriori that the square term in Eq. (17) leads to an optimal solution within the acceptable range, if a feasible solution exists.
Exergy analysis
The exergy analysis is a useful tool for the design and the optimization of energy systems since it permits to consider the "quality" of the energy fluxes of the system. The exergy related to a given thermodynamic state i can be calculated as shown in Eq. (18), where the index 0 indicates the reference state (in this case, saturated liquid of working fluid at the ambient temperature, i.e. the lowest reachable state in the condenser).
The exergy balance equation is shown in Eq. (19) , where Q j is the heat transfer rate at temperature T j , Ẇis the work rate and I represents the total exergy destroyed due to irreversibilities. 
The exergy balance equation is solved for each ORC component and, then, the exergy efficiency is calculated according to Eq. (20 
. Investment costs
In order to determine the overall investment cost of the ORC system (starting from its thermodynamic parameter), the cost correlation shown in Eq. (21) was used [53] . The parameter B corresponds to the heat transfer area for heat exchangers, while for pumps and turbines it corresponds to the power. The costs of the heat exchangers are also related to their material and the maximal pressure (p). Therefore, a correction factor F b (to be multiplied with C to get the total cost) is introduced (Eq. (22)). F p is computed with Eq. (23), while the values of all the coefficients for each component (F m , B i , D i , K i ) can be found in [56] . The overall cost includes direct costs (installation of equipment, piping, instrumentation and controls), indirect costs (engineering and supervision, transportation), contingency costs and fees, assumed at 15% and 3% respectively. Finally, a cost correlation based on the exhaust volume flow is used for the screw expander [28] .
Since the coefficient used refers to 2001 prices [56] , the inflation rate was introduced to determine the current value.
Economic indicators
Four economic indicators have been considered in this study to compare the economic performance of each ORC architecture:
-The Net Present Value (NPV -Eq. (24)), which is the difference between the cash flow (CF -defined as the income from the electricity sold less the operating cost of the plant), including the discount rate (r, assumed equal to 4%), and the investment costs. The considered time (y) is equal to 20 years, which corresponds to the typical lifetime of an ORC power system [26] .
-The Internal rate of Return (IRR), which consists of the calculation of the term r in Eq. (24) imposing a NPV equal to zero on a 20 years basis. -The Pay-Back Period (PBP), which is the time required to recover the investment cost (NPV equal to zero -Eq. (24)). It minimizes the capital risks associated with the investment costs. -The Profitability Index (PI -Eq. (25)), which determines the ratio between the cash flow, including the interests, and the investment cost. This indicator can be considered as a measure of the investment efficiency, giving an idea about the ratio between money earned and original investment. It can be effectively used to rank different alternatives. As for the NPV, y is taken equal to 20. It is important to state that the choice of the performance indicator reflects the investment policy of the company/investor and it may have a significant impact on the optimization results, leading to different technical configurations, as demonstrated in [11] .
Thermo-economic optimization tool
A genetic algorithm is used to solve the thermo-economic optimization (Fig. 6) and T cd sf su , , ), the ORC model is run using a given configuration of optimization parameters (mainly working fluid, architecture, evaporator pinch-point, evaporator and condenser pressure and expander inlet conditions). Regarding the genetic algorithm, the tournament size is 4, the number of individuals that are guaranteed to survive to the next generation is 5% of the population size and the fraction of the next generation, other than elite children, that are produced by crossover is 0.8.
The ORC model computes the electrical production and it gives as outputs: the expander power production (Wė xp ), the heat transfer areas of each exchanger (A HE ) and the auxiliary consumption related to pumps and fans (Wȧ ux ). Based on these outputs and on the feed-in tariff of electricity, the economic model estimates the investment cost and, then, the economic indexes (NPV, PPB, IRR and PI). Finally, the optimizer gives the optimization parameters (Table 3 ) to the ORC model while respecting the aforementioned constraints ( Table 3 ). The optimizer can optimize the PBP, the NPV, the IRR or the PI as set by the user (Section 3.1.3).
It is important to state that the optimizer tends to match the T-s profiles of the heat source and the working fluid to reduce the irreversibilities without achieving a too low evaporator pinch-point (leading to high exchange area and therefore increased costs). An example is provided in Fig. 7 where R245fa was used as working fluid.
Case studies
The methodology presented in Section 3.4 is applied to the case study of an ORC system coupled with a biomass power plant consisting of an AD producing biogas for a CHP engine (Fig. 8) . Fig. 6 . Optimization methodology.
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The plant is assumed working for 7971 h per year at full load. The engine power is 500 kWe with an efficiency of 42% and about 247 kW thermal power is rejected by the exhaust gases at 470°C and 263 kW by the engine coolant. A maximum of 200 kW is used to heat the digester to ensure an optimal temperature (∼45°C) for the biological processes, while the remaining is rejected through an air-cooled exchanger. Using the exhaust gases (case study 1) or the sum of the exhaust gases and the engine coolant (case study 2) to feed an ORC power system (Table 4 and Fig. 9 ) is the idea this paper is focused on. The minimum exhaust gases temperature is fixed to 180°C to avoid condensation phenomena.
Two heating options for the anaerobic digester were detected:
• part of the waste heat from the engine is used to heat the digester while the remaining heat is used by the ORC (option 1)
• all the waste heat is used by the ORC power unit the heat required by the anaerobic digester is provided by a gas burner (option 2).
The costs (i.e. benefit lost) associated to option 1 are equal to the thermal energy necessary for the digester multiplied by the ORC efficiency multiplied by the feed-in tariff of electricity. For option 2, the costs (or loss of benefits) associated are equal to the required thermal energy for the AD times the specific cost of gas burnt in the boiler. Therefore, for a given amount of thermal energy required by the anaerobic digester, option 1 is less interesting than option 2, if Eq. (27) is respected.
With a gas retail price of €4.87/MWh and a feed-in electricity price of €27.1/MWhe, ORC efficiencies > 18% would be required to make it economically attractive. This very high ORC efficiency cannot be reached with reasonable investment costs (see Section 4). Therefore, covering the thermal demand by exploiting the wasted thermal energy on site is always more convenient than converting it into electricity through an ORC power system.
Results
Cycle architecture and expander
The inlet temperature of the hot fluid is fixed to 300°C. As an example, the results of the PBP optimization are given for the three different architectures (subcritical, wet expansion and trans-critical) with working fluid R245fa for the screw expander and the turbine (Table 5) .
It can be outlined that subcritical and wet expansion cases using the screw expander are not feasible since the volume coefficient condition cannot be reached (Eq. (5)). This is due to the high refrigerant mass flow rate to power ratio, which is intrinsic of these two architectures. The volume coefficient constraint (Eq. (5)) severely limits the screw expander production compared to the turbine (Table 5) . It also proves the interest of having expander constraints limiting the optimization to realistic cases. In this case (R245fa as working fluid), the trans-critical architecture outperforms the subcritical architecture in terms of net power generation, exergy efficiency and Pay-Back Period (PBP).
Fluids
The optimization has been performed for a wide range of heat source flows at the evaporator leading to input thermal powers ranging from 50 kW to 800 kW (see Table 3 ). The limitation of the condensation pressure above 1 bar to avoid infiltration of air into the system (see Section 3.1.1) is only restrictive for Pentane and Ethanol.
From an economical point of view (PBP optimization in this example), each fluid presents its own specificity whatever the input thermal power is ( Table 6 ). As for instance, R134a and R1234yf fluids present a low (system) volume ratio due to its relatively high condensation pressure (Table 6 ), making the use of screw expanders favourable. However, two screws in series are required to achieve a 75% isentropic efficiency because of volume ratios up to 8 (Section 2.1). The trans-critical cycle with a turbine represents the optimal solution for both R245fa, R1233yd(E) and Butane fluids. Regarding the Pentane, the solver was not able to find any feasible solution because of the high volume ratio occurring with the turbine constraint (Eq. (4)). Finally, the only fluid showing a subcritical cycle as optimal cycle is the Ethanol. After the analysis presented in Table 6 , Fig. 10 shows the optimal performance for each fluid in terms of net electrical production, PBP and Investments costs for a wide range of thermal power input with a PBP optimization. The PBP optimization is selected in this example because of its lower investment costs (see Table 7 ) which makes it more interesting for investors. The thermal power input is varied by using the heat source fluid mass flow rate according to Table 3 . The Pentane is not shown in the graphs since no feasible solutions were obtained.
For a given input thermal power, the best fluid in terms of net electrical production is R1233zd(E) followed by Ethanol, R245fa, Butane, R134a and R1234yf (Fig. 10a) . However, the refrigerant R134a presents the lowest investment costs (Fig. 10b) , thanks to the lower cost of the screw expander (only allowed with this fluid) compared with the turbine. The optimal fluid (from a thermo-economic point of view) should present a large net electrical production with low investment costs. The PBP optimization results are shown in Fig. 10c . R134a, R1234yf, R1233zd(E), R245fa and ethanol are the most suitable solutions to minimize the PBP depending on the input thermal power.
Case studies
In s 4.1 and 4.2, only the PBP optimization was considered to illustrate examples of model application. Both case studies listed in Table 4 are optimized in four different ways: to reach the lowest PBP, the highest NPV, the highest IRR and the highest PI (Table 7) .
Firstly, it can be noted that the optimal solution is very similar whatever the objective function to optimize among NPV, IRR and PI. The PBP optimization presents different results because of its definition that leads to short term analyses (lower than 3 years in the optimal cases). On the contrary, the NPV, IRR and PI optimizations are based on the typical lifetime of the plant (20 years), which leads to solutions with higher investment costs. The optimal solution for all configurations is with R134a as a working fluid performing a trans-critical cycle and using two screw expanders. This optimum is confirmed by Fig. 10c , but it can also be observed that R245fa and Ethanol do lead to close results (Table 7) with the results of fluid R1233zd (E) ( Table 5 ) it can be noted that: the turbine (resp. the screw expander) is the optimal solution with R1233zd(E) (resp. R134a), the net electrical production is higher for R1233zd(E) (54 kW) than for R134a (33 kW), but the lower investment costs required with R134a leads to a lower PBP of 2.25 years against 2.8 years for R1233zd(E). Regarding the PBP optimization, the first case study leads to a 15 kW net electrical production while the second one leads to 33 kW. The optimal conditions (pressures and pinch-points) are rather close for each case study. This leads to similar PBP, IRR, PI, LCOE and exergy efficiency. The NPV is larger in the second case study due to the larger installed power.
Finally, a cost and exergy decomposition analysis are proposed for the first case study. The fraction of cost and exergy destruction for each component is calculated with the results obtained by the PBP optimization (Screw and R134a - Fig. 11) . A general observation is the low exergy destruction and cost fraction of the pump, even if its importance increases with lower power capacities. In the case of the screw expander, the costs are similar between the condenser, the expander and the evaporator (i.e. high temperature heat exchanger) while in the turbine case, the cost of the expander is predominant. The exergy destruction is mainly located in the condenser and the evaporator. Table 8 shows the comparison of the obtained results with the ones available in the literature. Since WHR-ORC power systems for biogas application have been investigated scarcely in the past, only 4 papers have been considered [13] [14] [15] [16] . It is possible to note in Table 8 that the obtained ORC thermal efficiencies are in a realistic range with the values in the literature. The slightly lower values observed can be explained by the lower thermal input (it depends on the application) and the additional realistic constraints considered in this work.
Regarding the economic analysis, since no studies have been carried out on AD-ORC in the Northern Ireland market, any comparison would be inappropriate. As just a reference, Table 8 reports the NPV values calculated by Sung et al. [15] for a biogas micro-turbine system coupled with a subcritical ORC cycle for the South Korean market. 
Generalization
The optimization procedure was performed for a wide range of heat source fluid flows at the gas heater leading to input thermal powers ranging from 50 kW to 800 kW (see Table 3 ). Fig. 12a compares the optimization in terms of PBP and in terms of NPV (Fig. 12) . The optimization process always leads to the use of R134a as working fluid, except for the circled point where R1233zd(E) showed to be the best choice. The NPV (IRR, NPV or PI) optimization (long term analysis) promotes higher investments with higher PBP and Net Present Value. Investors should therefore choose between high profits on the long terms (IRR/PI/NPV optimization) or lower profits with less risk associated (PBP optimization). Discontinuities in the plots correspond to different optimal working fluids.
Conclusion
This paper presents an investigation on the technical and economic suitability of ORC systems for biogas power plant application (AD-CHP). The investigation was carried out considering different ORC architectures (i.e. trans-critical, wet expansion and subcritical architecture) and different potential AD-ORC configurations. A thermoeconomic tool with an optimization methodology was developed.
The main results obtained are:
-The integration of expander constraints in such thermo-economic optimization has been demonstrated to be mandatory since it limits the possible solutions severely. -Neither the wet expansion cycle nor the Pentane are feasible in this case study due to the expander constraints. The integration of other expanders (radial inflow turbine or radial outflow turbine) may enlarge the panel of solutions. -Some fluids require higher investments (R1233zd(E), R245fa, Ethanol) than R134a and R1234yf but they can achieve higher net electrical production. -Investors should choose between high profits on the long terms (IRR/PI/NPV optimization) or lower profits with less risk (PBP optimization). This choice is strictly related to the investors' investment policy and it can change the final design considerably.
All these observations are only valid with the assumption and in the range of the parameters considered.
Considering the specific AD-CHP application, for a PBP minimization two choices are feasible for investors:
-A low investment (€71.4 k) trans-critical ORC power system using R134a as working fluid and two screw expanders. This solution gives an output of 15 kWe with a PBP lower than 2.75 years, a PI of 6.1, a NPV of €366.5 k and an IRR of 44%. -A higher investment (€139.9 k) with the same fluid and expander.
This option leads to a 33 kWe production, a PBP lower than 2.8 years, a PI of 6.4, a NPV of €772.6 k and IRR of 46%.
Form a NPV optimization, two choices are feasible for investors: 
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-A low investment (€96.6 k) trans-critical ORC power system using R134a as working fluid and two screw expanders. This solution gives an output of 18 kWe with a PBP lower than 3 years, a PI of 5, a NPV of €398.9 k and an IRR of 36%. -A higher investment (€200.6 k) with the same fluid and expander.
This option leads to a 38 kWe production, a PBP lower than 2.8 years, a PI of 5, a NPV of €846.2 k and IRR of 37%.
